Human adenovirus early region 1A (E1A) proteins act as transcriptional regulators and function in the control of DNA synthesis and cell transformation. Little is known about how these viral products are functionally regulated. E1A proteins of adenovirus serotype 5 (Ad5) are phosphorylated at several serine residues and previous studies had indicated that both Ser-89 and Ser-219 are substrates for one or more of the cdc2 family ofceU cycle kinases. A second residue near the amino terminus, Ser-96, may also be a site. Although phosphorylation of Ser-89 causes a major shift in gel mobility, the effect on E1A biological activity is unclear. In the present studies we have shown by mutational analysis that phosphorylation at Ser-89 also regulates phosphorylation at Ser-96, suggesting that the gel mobility shift is the result of multiple phosphorylation events. Phosphorylation at Ser-89 did not seem to affect E1A-mediated repression of the simian virus 40 enhancer or trans-activation of the E3 promoter significantly, but it did appear to have a modest but significant effect on transformation of primary baby rat kidney cells.
Introduction
Early region 1A (E1A) of human adenovirus type 5 (Ad5) produces multiple mRNAs that encode a series of proteins of similar sequence but which lack various portions of the molecule (Berk & Sharp, 1978; Chow et al., 1979; Perricaudet et al., 1979; Kitchingman & Westphal, 1980; Stephens & Harlow, 1987; Ulfendahl et al., 1987) . The 13S and 12S early mRNAs encode proteins of 289 and 243 residues (289R and 243R, respectively) that contain two regions that are highly conserved in all adenoviruses (CR1 and CR2), with a third (CR3) that constitutes a 46 amino acid sequence unique to 289R (see Fig. 1 ). Three additional E1A mRNAs are produced later during infection. The product of the 9S mRNA has been difficult to detect, but the 11S and 10S mRNAs yield proteins similar to 289R and 243R except that residues 27 to 98 (and thus all of CR1) have been removed due to an additional in-frame splice.
Biological activity of E 1A proteins requires these three conserved regions as well as the amino terminus. 289R is able to trans-activate early viral transcription units and some cellular genes most probably via interactions between the CR3 region and components of cellular transcription complexes (Lillie & Green, 1989; Jelsma et al., 1988; Liu & Green, 1990; Lee et al., 1991) . E1A proteins repress a variety of enhancers and, depending on the enhancer, this function appears to involve CR1 and CR2 (Hen et al., 1985; Lillie et al., 1987; Schneider et al., 1987; Kuppuswamy & Chinnadurai, 1987; Velcich & Ziff, 1988; Jelsma et al., 1989; Stein et al., 1990) . E1A-mediated cell transformation and induction of cell DNA synthesis rely on CR1, CR2 and the amino terminus (Lillie et al., 1986; Moran et at., 1986; Schneider et al., 1987; Zerler et al., 1987; Whyte et al. 1988b Whyte et al. , 1989 Jelsma et al., 1989; Egan et al., 1988 Egan et al., , 1989 Howe et aI., 1990; Svensson et al., 1991) . It is likely that these activities derive from the formation of complexes with a series of cellular proteins (Yee & Branton, 1985 ; Harlow et al., 1986) including the tumour suppressor p105 •b (Whyte et al., 1988a; Egan et al., 1989) , related proteins of 107K (Ewen et al., 1991) and 130K (D. Barbeau, S. Whalen, R. Charbonneau, S. T. Bayley & P.E. Branton, unpublished) , p60 °yea (Giordano et at., 1989; Pines & Hunter, 1990; Tsai et at., 1991) , and an as yet unidentified 300K nuclear phosphoprotein (Yaciuk & Moran, 1991) . All of these proteins, to various degrees, interact with these same three regions of the E1A protein (Egan et al., 1988; Whyte et al., 1989; Barbeau et al., 1992) . E1A proteins appear to activate the transcription factor E2F through such interactions with p105 Rb, p107 and p60 °yea which are present in inactive E2F complexes (Chellapan et al., (Tsukamoto et al., 1986; Tremblay et al., 1988 Tremblay et al., , 1989 Dumont et al., 1989; S. Whalen et al., unpublished) have been indicated. Chittenden et al., 1991; Mudryj et al., 1991; Cao et al., 1992; Devoto et al., 1992) . The products of the 11S and 10S mRNAs lack CR1 and thus should be incapable of enhancer repression and transformation. However, as the llS product contains CR3, it should theoretically be capable of trans-activation. It is not known how E1A proteins are regulated. Previous studies by our group and others have identified several sites of phosphorylation (see Fig. 1 ). Analysis of tryptic phosphopeptides of both 289R and 243R (Tremblay et al., 1988 ) identified a major site previously mapped to Ser-219 (Tsukamoto et al., 1986) , and a second at Ser-89, both of which appear to be substrates for a cdc2-related protein kinase (Dumont & Branton, 1992) . Some evidence for a third site at Set-96 and one or more serines between amino acids 227 and 237 was also obtained (Tremblay et al., 1988 Branton, unpublished) . The significance of E1A phosphorylation is unclear. No functional role was apparent for the site at Ser-219 (Tsukamoto et al., 1986) . Similarly, conversion of Ser-96 to alanine had no apparent biological effect Tremblay et al., 1989) . The 289R and 243R proteins each migrate on one-dimensional SDSpolyacrylamide gels as two major forms of M r 52K and 48"5K, and 50K and 45K, respectively, which share precursor-product relationships . Mutational analysis indicated that phosphorylation at Ser-89 was largely responsible for this shift in gel mobility (Richter et al., 1988; Dumont et al., 1989; Smith et al., 1989) but the biological consequences were unclear.
To investigate the cause of the shift in gel mobility further and to assess more quantitatively the importance of phosphorylation at Ser-89, studies were carried out with several mutants bearing mutations affecting this site. The results indicated that phosphorylation of Ser-89 regulates phosphorylation at Ser-96 and thus the shift in mobility derives from the addition of multiple negative charges to the E1A protein molecule. In addition, conversion of Ser-89 to other amino acids significantly lowered E1A-mediated transforming activity, indicating that phosphorylation at this site could be of some regulatory importance.
Methods
Cell culture and viruses. Human KB, HeLa and Hep-2 cells were cultured and infected with wild-type (wt) or mutant Ad5 at 35 p.f.u./cell, as described previously (Rowe et al., 1983; Yee & Branton, 1985) . Most of the Ad5 mutants employed, including AD89A, AD96A and AD89A96A, have been described previously and were prepared by oligonucleotide-directed mutagenesis followed by rescue into virus using a wt strain of Ad5, termed AD 1, which contains a silent mutation to facilitate detection and recovery Tremblay et al., 1989) . Three additional mutants were also prepared using this same approach, including AD89D96A which contains aspartic acid in place of Ser-89 and alanine at position 96, and AD90A96A in which Pro-90 and Ser-96 are replaced by alanines. The third mutant, termed 10SllS, was produced serendipitously through the deletion of a single base at nucleotide 755. This mutation caused a frameshift in the coding sequence for 289R and 243R resulting in a termination site at the codon for residue 50, but yielded normal 217R and 171R products of the 11S and 10S mRNAs (see Fig. 1 ). Another mutant, termed STOP, was also prepared through deletion of the BstXI fragment (nucleotides 613 to 939) followed by treatment with T4 polymerase and blunt end ligation. The resulting construct encoded the first 18 residues of E1A products followed by five altered amino acids and a termination codon. No EIA products were detected from this mutant. The fidelity of all mutants was confirmed by sequencing and appropriate restriction enzyme digestion, as described previously Tremblay et al., 1989) . Several in-frame EIA deletion mutants which have been described previously (Egan et al., 1988; Jelsma et al., 1988 Jelsma et al., , 1989 were also employed. These included d11104, d111~35 and dl1143 which lack residues 48 to 60, 70 to gl and 38 to 60, respectively. Virus stocks were grown in 293 cells that express Ad5 E1 proteins (Graham et al., 1977) .
Radioactive labelling. Mock-and Ad5-infected cells were normally labelled from 8 to 12 h post-infection with [a2p]orthophosphate (New England Nuclear; 3000 Ci/mmol) in 2 ml of phosphate-free medium or from 10 to 12 h post-infection with 100 gCi of [aaSlmethionine (Amersham; 1300 Ci/mmol) in methionine-free medium.
Antiserum and imrnunoprecipitation. E1A proteins were immunoprecipitated using 5 gl of M73 mouse monoclonal antibody (Harlow et al., 1985) , as described previously . The E2A 72K DNA-binding protein was precipitated using 10 I~1 of H2-67 mouse monoclonal antibody , and E1B-496R using 25 gl of the rabbit anti-peptide serum 58-C1 (Yee et al., 1983) . Precipitates were analysed by SDS-PAGE using 9 % polyacrylamide gels, as described previously (Rowe et al., 1983) .
Analysis of tryptic peptides by TLC. a2P-labelled EIA proteins were isolated by immunoprecipitation and SDS-PAGE and following elution were digested with trypsin and oxidized, as described previously (Tremblay et al., 1988) . Peptides were analysed by two-dimensional TLC using Polygram CEL 300 thin-layer plates (Dumont & Branton, 1992 Chr.
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l Chr, Detection of E1A proteins by indirect immunofluoreseence. Mutant or wt E1A proteins expressed in HeLa cells were analysed by indirect immunofiuorcscence using mouse M73 monoclonal antibody and fluorescein isothiocyanate-conjugated rabbit anti-mouse serum (Cappel Laboratories) as described previously (Rowe et al., 1983) .
Measurement of Ei A-mediated trans-activation of E3 promoter.
Transactivation assays were performed using NIH 3T3 cells plated at a density of 2 × l0 b cells on 60 mm diameter dishes. Transient cotransfections were performed by the calcium phosphate precipitation method (Graham & van der Eb, 1973 ) using 2-5 vg of DNA from plasmid pKCAT23, which contains the Ad5 E3 promoter upstream of the chloramphenicol acetyltransferase (CAT) gene (Weeks & Jones, 1983) , and from plasmids expressing wt (pNB1) or mutant (pNB89A, pNB89A96A, pNB89D96A, pNB10SllS, E1ASTOP) E1A products. The plasmid pSV2CAT (Gorman et al., 1982) was used as a positive control. In addition, 1 ~tg of RSVI3-Gal plasmid (PSpperl & Featherstone, 1992 ) was included to allow normalization of transfection efficiency by measuring 13-galactosidase activity. Cells were glycerolshocked after 12 h and then harvested 36 h later. CAT assays were performed using cell extracts containing equal amounts of ~-galactosidase activity, essentially as described by Gorman et al. (1982) . The amount of activity was quantified from autoradiographs using a Millipore Corporation Bio-lmage Densitometer System.
Assay for EiA-dependent enhancer repression. Enhancer repression assays were performed using Hep-2 cells which were co-infected with Ad5 expressing only 12S E1A products and with a test virus. All mutants were rescued into 12S cDNA vectors and then into virus, as described previously Howe et al., 1990) . The test virus was in 340-2/[3-globin enh(+) in which a portion of the Ad5 E1A gene had been deleted and replaced by the human 13-globin gene driven by the simian virus 40 (SV40) enhancer element (Lillie et al., 1986) . The levels of ~-globin transcripts were measured by primer extension of total cell RNA using a complementary oligonucleotide containing sequences from + 61 to + 86 upstream of the cap site of the 13-globin mRNA which yielded an 86 nucleotide extension product.
Transformation of primary baby rat kidney cells. Transformation assays were carried out using primary baby rat kidney cells prepared from 6-day-old Wistar rats transfected with 5 gg of DNA from plasmid pXC38 containing wt or mutant Ad5 E1A sequences and E1B, as described previously . A series of four separate experiments were carried out using independent DNA preparations. An additional experiment was also performed using the DNA from the pNB plasmid series which contain wt or mutant E1A sequences and no E1B , plus pEJras that expresses an activated form of p21 ~aras (Shih & Weinberg, 1982) . The numbers of foci on each plate (usually five per experiment) were counted and the data used to analyse the efficiency of transformation.
Results

EIA protein phosphorylation and gel migration
Previous studies using mutant AD89A in which Ser-89 had been changed to alanine had indicated that phosphorylation at this site is largely responsible for the major shift in gel migration of EIA proteins. To examine this phenomenon further, the mobilities of several mutant E1A products on SDS-PAGE were examined. In addition to mutations that altered phosphorylation sites at Ser-89 and Ser-96 to alanine, two other mutants were generated containing Ala-96 plus a second change which affected the Ser-89 phosphorylation site. One, AD89D96A, replaced Ser-89 with aspartic acid to mimic the presence of a negative charge at position 89. A second, AD90A96A, altered Pro-90 to alanine. Ser-89 is phosphorylated by a p34°a°2-related kinase (Dumont & Branton, 1992) which requires proline immediately downstream of the target site (Moreno & Nurse, 1990) . Fig. 2 (lane b) shows that wt E1A proteins migrated on SDS-PAGE as two major species of 52K (289R) and 50K (243R), and the minor 48-5K and 45K forms. As found previously, no change in migration was observed with AD96A which contained Ala-96 (lane 4). Both AD89A and AD89A96A (lanes 3 and 5) yielded only the 48-5K and 45K E1A products, thus confirming the essential role of Ser-89 in the generation of the 52K and 50K species. Alteration of Pro-90 to alanine (mutant 90A96A, lane 7) also blocked formation of the 52K and 50K E1A products, presumably due to the change in the cdc2 substrate recognition site for Ser-89. Of some interest was the migration pattern of the E1A products of AD89D96A which contain Asp-89 (lane 6). Introduction of a negative charge at position 89 induced a partial but incomplete shift in gel mobility.
Analysis of tryptic phosphopeptides by TLC
To study the basis of this gel mobility shift further, tryptic phosphopeptides from mutant and wt E1A proteins were examined by two-dimensional TLC. Fig.  3(a) shows peptides obtained from z2P-labelled E1A proteins isolated from infected KB cells. The major species migrating to the right of the origin has previously been identified as peptide T11 (see Fig. 1 ) which contains a phosphorylation site at Ser-219 (Tsukamoto et al., 1986; Tremblay et al., 1988) . Separate mutational analysis (S. Whalen et al., unpublished) has identified the species to the extreme left of the origin as peptides T4A (from 289R) and T4B (from 243R) which contain a casein kinase II site at Ser-132 (see Fig. 1 ). The sites between residues 227 and 237 in peptide T12 are not always highly labelled in infected KB cells (S. Whalen, unpublished) and thus the T12 peptide was present as a minor species. Several species that migrated above and to the left of the origin were also present. Fig. 3(b) to (e) show that this entire cluster of species apparently originated from peptide T2, which is composed of residues 3 to 97 and contains the phosphorylation site at Ser-89. Analysis of phosphopeptides produced by mutants d/l104 (Fig. 3c), dill05 (Fig. 3d) and dlt143  (Fig. 3e) which lack residues 48 to 60, 70 to 81, and 38 to 60, respectively, within peptide T2 indicated that in all cases peptide T11 containing Ser-219 was phosphorylated. Peptides 4A and 4B also appeared labelled, clearly at least in the case of dl1104. However, in all cases the migration of the entire cluster of remaining peptides in the chromatography dimension changed in parallel. For dl1104 and dl1143 no remarkable change in the electrophoresis dimension was apparent; however, the deleted sequences in these mutants contained a high proportion of acidic residues (six of 13 and eight of 23, respectively). With dl1105 only two of the 12 deleted residues were acidic and a considerable shift leftward towards the anode was observed for all of these species (Fig. 3d) . Mutant 10S11S was also tested (Fig. 3b) . This virus produces only the 217R and 171R products of the llS and 10S mRNAs and these E1A proteins lack residues 27 to 98 (and thus the Ser-89 and Ser-96 sites; see Fig. 1 ). These products were detected by SDS-PAGE as species of M r 37-5K and 35K (data not shown), as demonstrated previously . The phosphopeptide maps indicated that the same cluster of species was absent, thus confirming that all were probably derived from the T2 peptide. Interestingly, although the Ser-219 site was clearly phosphorylated in the 10S/11S products, the Ser-132 sites in peptides T4A and T4B clearly were not. These results suggested either that phosphorylation within peptide T2 was necessary for Ser-132 to be a site (but see below) or that removal of this extensive region within T2 induced a conformational change such that the Ser-132 site was no longer accessible to casein kinase II.
The patterns of z2P-labelled tryptic phosphopeptides for E1A mutants affecting Ser-89 and Ser-96 were also examined by TLC. Fig. 4(a) shows a pattern with wt virus AD1 similar to that in Fig. 3 (a) . With mutant AD89A (Fig. 4b ) both peptides Tll (Ser-219) and T4A/B (Ser-132) were phosphorylated, as with wt. [The positions of migration of these peptides varied somewhat from run to run but mixing experiments (not shown) confirmed the identity of these species.] However, all species within the T2 cluster were unlabelled. AD90A96A (Fig. 4e) , in which the Pro-90 required by the cdc2-related kinase phosphorylating Ser-89 had been altered, also lacked all of the labelled T2 species. With AD89D96A, which yielded E 1A products with somewhat altered gel mobility (Fig. 2, lane b) , again none of the T2- related peptides were phosphorylated (Fig. 4d) . Fig. 4(c) shows that labelled T2 peptides were evident with AD96A; however, some of the species found with wt were clearly absent, thus clearly confirming Ser-96 as a site of phosphorylation. These data therefore suggested that phosphorylation of Ser-89 was essential for the generation of all of the labelled T2 species and for the phosphorylation of Ser-96 (and perhaps other sites) within T2.
Phosphorylation and nuclear localization of E1A products
To determine whether phosphorylation at Set-89 or Ser-96 affected the intracellular localization of E 1A proteins, HeLa cells were infected with mutant or wt Ad5 and then analysed by indirect immunofluorescence using E1A-specific M73 mouse monoclonal antibody. Fig. 5(a) shows that with wt-AD1 E1A products were found in the nuclei of infected cells as shown previously (Yee et al., 1983; Richter et al., 1985) . Similar patterns were seen with AD89A, AD96A and AD89A96A (Fig. 5b to d) and thus phosphorylation at these sites did not appear to affect the nuclear localization of E1A products. . Trans-activation of the Ad5 E3 promoter. The ability of various E1A mutants to activate transcription from the E3 promoter was tested in 3T3 cells cotransfected with DNA from pKCAT23, RSVI3-Gal, and plasmids expressing mutant or wt E1A products, as described in Methods. CAT assays were performed using extracts containing equal amounts of 13-galactosidase activity. Lanes 11 and 12 represent positive controls using plasmid pSV2CAT or 3T3 cell extract incubated with 4 units of purified CAT (Pharmacia). Data represent the average of three separate analyses (+_ S.D.) in which percentage CAT expression relative to wt (pNB1) had been calculated.
E1A-dependent trans-activation o f the E3 promoter
Earlier studies did not identify the role o f phosphorylation in E1A-dependent trans-activation o f the Ad5 E3 promoter ( D u m o n t et al., 1989) . To examine this question more quantitatively, experiments were carried out using 3T3 cells co-transfected with D N A from plasmids expressing E 3 -C A T (pKCAT23) and mutant or wt E1A products. Fig. 6 shows that alteration o f Set-89 to alanine (pNB89A, lane 4) resulted in levels o f E3 expression similar to wt (pNB 1, lane 3). Conversion o f the Ser-96 site, either alone (pNB96A, lane 5) or in combination with changes at Ser-89 (pNB89A96A, lane 6 and pNB89D96A, lane 7), caused only a small reduction in C A T activity. These data suggest that phosphorylation at these sites did not have a large effect on the ability o f E1A proteins to trans-activate the E3 promoter. N o quantitative study has been carried out on other early promoters; however, high levels of E1A, E1B and E2A expression were detected for all of these mutants, as determined by the levels of the proteins produced by these transcription units (data not shown and D u m o n t et al., 1989). Even though it contains the entire CR3 trans- activating domain, the product of the 11S E1A m R N A expressed by pl0S11S (lane 8) activated E3 expression at very low levels approaching those observed in the absence of E 1A protein (lanes 2 and 9). The 10S 11 S virus was shown by primer extension assays to produce reasonable levels o f E1A m R N A by 12 h post-infection (data not shown), but the levels o f E1B proteins were somewhat reduced, and those o f E2A 72K protein greatly reduced relative to wt Ad5. Defects similar to these have been observed previously (Ulfendahl et al., 1987) . 45 Accept * Primary baby rat kidney cells were transfected with 5 gg of DNA from plasmids expressing either the entire Ad5 E1 (EIA + E1B) region containing mutant or wt E1A sequences (pAD plasmid series) or cotransfected with DNA from EIA plasmids (pNB series) and pEY ~" which expresses activated p21H .... (5 gg of each) and the number of transformed cell foci detected on each plate of cells was measured, as described in Methods. A different DNA preparation was used for each study.
t The results from each experiment were analysed using the two-sided Student's t-test to examine the hypothesis that the average number of foci obtained with wt E1 A (X1) equals that obtained with each mutant (X2). The assumption was made that variances were unknown but equal and the degrees of freedom were nl+n ~. Values of t were obtained using the equation: t= (X1-X~)/Sp~/(1/nI+ 1/ng) and the acceptance or rejection of statistical identity of the sets was made using standard tables.
:~ Different DNA preparations employed.
E1A-dependent enhancer repression
To test E1A enhancer repression activity, studies were carried out using wt and mutant Ad5 viruses of the UM series which express only the 12S E1A mRNA (see Methods). Hep-2 cells were co-infected with 12S virus and in 340-2/13-globin enh~+>, a recombinant Ad5 in which E1A had been replaced by the human 13-globin gene driven by the SV40 enhancer (Lillie et al., 1986;  see Fig. 7 a). The levels of ~-globin transcripts were measured by primer extension and detection of the predicted 86 nucleotide product in total cell RNA samples, as described in Methods and Fig. 7 (b) . Fig. 7 (c) (Fig. 7c , lane 8) which was greatly reduced in intensity in cells which were coinfected with the wt 12S virus UM1 (Fig. 7 c, lane 9) , thus demonstrating the ability of 243R E1A protein to repress the SV40 enhancer. This reduction in transcription, as quantified by measurements of the amount of radioactivity present in this species, represented the wt ElA-mediated enhancer repressing activity (100 %). The activities of all mutants were expressed as percentages of such wt activity. Fig.  7 (d) summarizes the results obtained from four separate studies. As expected, mutant STOP, which produces no E 1A protein, and UM 10S, which produces the 10S-171R product but not 12S-243R, showed no repression. All of the other mutants, including UM89A, UM96A, UM89A96A and UM89D96A, displayed repression activities that were not significantly different from wt. The only exception was UM90A96A which induced repression at about one-half the efficiency of wt. It was possible that alteration of Pro-90 induced a conformational change unrelated to phosphorylation, but which affected the ability of CR1 and CR2 to function.
Transformation of baby rat kidney cells
It was unclear from previous studies whether phosphorylation at Set-89 significantly affected E1A-mediated transformation Smith et al., 1989) . To assess this question more thoroughly, a series of experiments was carried out using primary baby rat kidney cells which were either transfected with DNA from plasmids containing mutant or wt E1A sequences and E1B, or co-transfected with DNA from E1A plasmids and those expressing activated p21H .... ~. Each study was performed using different plasmid DNA preparations and the data were analysed using a twosided Student's t-test to determine whether the numbers of transformed foci obtained with E1A mutants differed significantly from those produced by wt. Table 1 shows that DNA from the plasmid expressing only 10S and 11S mRNAs induced no transformed foci whereas all other preparations did. The Ala-89 mutant induced transformants significantly less efficiently than did wt in all four E1A/E1B assays and in the E1A/ras experiment. Similarly, transforming efficiency with the Ala-89/Ala-96 mutant was also significantly lower than wt in five of the six independent studies, and with the Pro-90/Ala-96 mutant in all three experiments. The Ser-96 mutant did not differ significantly from wt in four of five studies. With the Asp-89/Ser-96 mutant, an efficiency significantly lower than wt was observed in three of six independent studies, with the other three showing no difference. These data suggested that phosphorylation at Ser-89 plays a significant role in E1 A-mediated transformation whereas that at Ser-96 is of less or no importance.
Discussion
The present studies confirmed that Ser-89, which is present within tryptic peptide T2 (residues 3 to 97) of Ad5 E1A proteins, is phosphorylated, resulting in a substantial shift in migration on SDS-PAGE. Using a series of deletion mutants it was shown that T2 peptide migrated on TLC as a cluster of multiple a2P-labelled species. None of these species were phosphorylated with Ser-89 mutants (AD89A and AD89A96A) nor with AD90A96A in which phosphorylation of Set-89 was eliminated by alteration of the adjacent proline residue required by p34CdC2-related kinases (Moreno & Nurse, 1990) . In addition, Ser-96 was clearly established as a second site of phosphorylation within peptide T2 because some of the labelled T2 species were absent with mutant AD96A. The origin of multiple T2 peptide species is unclear. Some could represent products of incomplete trypsin digestion which could be affected by the presence of phosphoserine-96 just upstream, or Pro-99 just downstream of the Arg-97 cleavage site. It is likely that some of the species represent phosphoisomers (Boyle et al., 1991) since at least two residues in T2, Ser-89 and Set-96, are phosphorylated and additional previously undetected sites could also exist. It is also possible that another form of post-translational modification occurs and alters the migration of some T2 molecules. Another formal explanation is that this cluster of species also contained other E1A peptides, although results obtained with deletion mutants suggested that such was not the case. Whatever the cause, it was clear that the presence of Ser-89 and presumably phosphorylation at this site induced both the phosphorylation of Ser-96 (and possibly additional sites in T2) and the major shift in gel mobility of E1A proteins. Replacement of Ser-89 by aspartic acid yielded single species of 289R and 243R that migrated somewhat slower than the 48.5K and 45K products, but somewhat faster than the 52K and 50K forms. The full mobility shift may not have been produced with this mutant because introduction of Asp-89 added only one negative charge whereas phosphoserine contains three at physiological pH. However, it is more probable that the full shift in gel mobility results not only from phosphorylation at Ser-89 but also from the phosphorylation of Ser-96 or other sites in the E1A protein molecule.
Phosphorylation at Set-89 could regulate the phosphorylation of Ser-96 by a variety of mechanisms. It could induce a conformational change such that Ser-96 becomes accessible to a kinase. The presence of an upstream negative charge could also be a requirement for the kinase that acts at Set-96. It could also lead to a change in intracellular localization of E1A products making them accessible to other kinases. Although no apparent change was observed by immunofluorescence, phosphorylation of Ser-89 could expose E 1A products to additional kinases via a different mechanism. Ser-89 is phosphorylated by a p34°a~2-related kinase (Dumont & Branton, 1992) , and such enzymes (and perhaps additional kinases) are present in complexes with E1A products (Lassam et al. 1979; Branton et al., 1981 ; Tsai et al., 1991 ; Giordano et al., 1991 ; Herrmann et al., 1991) . p33 °ak2 is probably present because it associates with p60 eyeA which itself interacts with the E1A-binding protein p107 Faha et al., 1992; Howe & Bayley, 1992) . Other kinases could also form complexes with E1A proteins by similar interactions. Phosphorylation at Ser-89 therefore could enhance or alter complex formation, leading to novel interactions between kinases and other sites in E1A proteins. It is not evident from the sequences surrounding Ser-96 (and other serine residues within T2) what class of kinase might be involved.
The functional role of E1A protein phosphorylation was also addressed. Phosphorylation at Ser-89 and -96 did not appear to play a major role in E1A-mediated trans-activation of the E3 promoter. This function probably involves interactions between CR3 and components of transcription complexes and phosphorylation at Ser-89 could affect such interactions. Results obtained with the 10S11S mutant indicated that the 11S-217R E1A protein trans-activated very inefficiently, as found previously (Stephens & Harlow, 1987; Ulfendahl et al., 1987) . Although this protein contains CR3, its structure is probably considerably altered, as illustrated by the absence of phosphorylation at the Ser-132 site.
E1A-mediated repression of the SV40 enhancer did not appear to be affected by phosphorylation of Ser-89. Smith et al. (1989) had previously reported a difference using a mutant containing Gly-89; however, both the mutant and assay employed differed from those of the present studies. Repression of the SV40 enhancer relies primarily on CR1 and the amino terminus (i.e. residues 1 to 80) and not on CR2 (Velcich & Ziff, 1988; Jelsma et al., 1989; Stein et al., 1990) . Although the mechanism of repression is not understood, recent studies have suggested that it may result from the formation of complexes with p300 which interacts with the amino-terminal region of E1A products and which recognizes enhancer elements specific for NF-KB (Rikitake & Moran, 1992) .
Phosphorylation of Ser-89 was found to affect E1A-mediated transformation of baby rat kidney cells. Although the effect was modest, it was clearly shown to be significant. Statistical analysis of the results of several separate studies (Table 1) indicated that conversion of Ser-89 to alanine (89A mutant) reduced the average number oftransformants to 23 % ofwt. Similarly, mutant 89A96A produced an average of only 35 % the number of loci as wt, and mutant 90A96A, in which phosphorylation of Ser-89 was affected indirectly, only 30 %. Thus, although phosphorylation at Set-89 was not essential for E1A-mediated transformation, it clearly affected the efficiency. E1A transforming activity appears to derive primarily from the formation of two classes of complexes (Egan et al., 1988 (Egan et al., , 1989 . It was found that p300 interacts with residues found exclusively within the aminoterminal 80 residues of E1A proteins whereas p 105 Rb and p130, and to some extent p107 and p60 cyeA, require sequences that span the Ser-89/96 phosphorylation sites within CR1 and CR2 (Egan et al., 1988; Whyte et al., 1989; Barbeau et al., 1992) . Thus it seems possible that the function of such phosphorylation in E1A-mediated transformation could be to alter interactions with these cellular proteins. Experiments are currently under way to examine this possibility.
